Abstract: Diapause termination and post-diapause development of the Mediterranean or Moroccan locust, Dociostaurus maroccanus, were studied in the permanent breeding area of la Serena (Badajoz) in southern Spain during 1991-92 and 1997-98. By the second half of autumn, diapause development has been completed and the eggs have acquired the ability to resume morphogenesis, catatrepsis and hatching. The last week of November was determined to be the critical time to begin recording degree-days as a basis for the development of hatch prediction models. Using a previously developed temperature model for embryonic development of D. maroccanus, accurate predictions of hatching were performed for the two study seasons. The results of this investigation will facilitate in developing an efficient system for the management of the Moroccan locust.
Introduction
The egg is the predominant stage of diapause in grasshoppers and locusts in various parts of the world (Tauber et al., 1986) . Diapause involves an arrest in development although the environment may be suitable, while quiescence involves a delay in development as a response to immediate adverse conditions (Nechols et al., 1998) . Developmental arrest before the rotation of the embryo is most common in acridids (Uvarov, 1966) , including Dociostaurus maroccanus (Thunberg), the Mediterranean or Moroccan locust. This Old World pest occurs between approximately 28 and 49°N, especially in the Mediterranean and middleAsian countries (Latchininsky and Launois-Luong, 1992) . The females lay egg pods in the top 1-3 cm of soil during late spring and early summer. Although the embryonic development begins very soon (Bodenheimer and Shulov, 1951) , it is not completed until the following spring, 9-10 months after the egg laying (Bodenheimer and Shulov, 1951; Merton, 1959; Hernández-Crespo, 1993) . Two dormancy periods have been detected during this long embryonic development (Bodenheimer and Shulov, 1951) : a quiescence at the beginning of anatrepsis and a diapause at the end of this phase, before the rotation of the embryo (QuesadaMoraga and Santiago-Á lvarez, 2000) .
Temperature is the key environmental factor that governs these two dormancy periods, although soil water can also affect developmental rates (QuesadaMoraga and Santiago-Alvarez, 1999). Following the classification of insects according to the requirements of water for embryonic development by Ando (1972) , D. maroccanus can be included in the third group, in which water needed for the completion of embryogenesis is absorbed mainly after the termination of diapause (Quesada-Moraga and Santiago-Alvarez, 1999) .
Thermal thresholds and temperature-dependent growth rates of anatrepsis and catatrepsis of D. maroccanus have been established under laboratory conditions (Quesada-Moraga and Santiago-Á lvarez, 2000) . This is useful for predicting the timing of postdiapause events in the field, especially in the computer simulations of population trends in locust pest management programmes (Nechols et al., 1998) . The accuracy of these predictions will depend greatly on the detection of the date for the beginning of temperature accumulation (Nechols et al., 1998) . Accordingly, the data on D. maroccanus (Quesada-Moraga and Santiago-Á lvarez, 2000), can contribute to the development of such accurate computer simulations only if the date for the beginning of heat accumulations can be determined. The rate of development which depends on the time of heat accumulation in the main permanent breeding area of D. maroccanus in the Iberian Peninsula has been studied.
Materials and methods
The study was carried out at the permanent breeding area of la Serena (Badajoz) in the Iberian Peninsula (38°55 ¢ N/ 5°29 ¢ W) during 1991-92 and 1997-98 . Egg pods were excavated at oviposition sites every 15 days from June through to the following March. From each collection, 50 eggs were randomly selected, from 5 egg pods, to determine the stage of embryonic development in the field. The other egg pods were placed in 210 ml styrofoam cups covered by 5 cm of moistened vermiculite (1.5 ml distilled water/1 g vermiculite) and placed in incubators at a constant temperature of 25 ± 2°C. Embryonic development in these laboratorymaintained eggs, was monitored weekly until hatching. The stage of embryonic development was determined according to Bodenheimer and Shulov (1951) who divided egg development into 20 stages. Stages I-XIV represent the anatrepsis period, while the stages XV-XX represent the catatrepsis period. In young eggs (early anatrepsis) embryonic development was determined by making the chorion transparent with a 5% solution of sodium hypochloride. Stage XIV was established by recognition of red eyespots. For the catatrepsis period, embryonic stage was assessed from the position of eyespots (Bodenheimer and Shulov, 1951) .
Air (1 m above soil) daily temperatures (minimum, maximum and mean) at the breeding area of la Serena in 1991-92 and 1997-98 were obtained from the Spanish National Meteorology Office. Measurements were carried out at a station in the Zujar Reservoir in the middle of the breeding area. The soil surface temperatures were assessed from the air temperatures with the model of Parton (1984) that was developed for a shortgrass steppe, similar to the breeding area of la Serena. The model estimates soil surface temperatures as a function of daily maximum and minimum air temperature, plant biomass and residue, and total daily solar radiation.
Daily maximum soil surface temperature (T smax ) is determined from the function:
where T amax is maximum air temperature (°C), E b is the effect of aboveground residue and biomass and E r is the difference between maximum soil surface temperature and air temperature. E b is calculated: E r , the difference between soil surface temperature and air temperature, is given by the equation:
where R is solar radiation (kJ/day/m 2 ). Daily solar radiation in Badajoz were obtained from the Spanish National Meteorology Office.
The minimum soil surface temperature (T smin ) is predicted using the equation:
where T amin is the minimum air temperature and B is the aboveground residue and biomass (g/m 2 ). Mean soil surface temperature (T sx ) was approximated using the equation:
Examination of the field-collected eggs revealed that embryonic development of D. maroccanus at la Serena starts soon after egg laying, but is not completed until the following spring (table 2). It is discontinuous with an interruption at early anatrepsis (development stage I), which extends for most of the summer (June-August) and another one at the end of anatrepsis (stage XIV), which extends for most of the autumn and early winter (end of September to mid-January). Catatrepsis (stage XV and onwards) begins at the end of November, and egg hatching occurs early in the spring.
The development of eggs collected in the field and subsequently incubated in the laboratory at 25°C (table 3) depended on the timing of collection: (1) Eggs collected during late spring (mid-June) and summer reached embryonic stage XIV, but did not develop further (table 3) .
(2) Eggs collected during the first half of autumn (October and mid-November), which were at stage XIV did not develop further (table 3) .
(3) Eggs collected from the second half of autumn (end of November and December) and onward, completed catatrepsis and finally hatched. The time needed for hatching at 25°C after November 28 and 26, in 1991 and 1997, respectively, showed a progressive reduction from 84 to 4 days (table 3).
As it can be seen in table 3, the data obtained in 1991/92 and 1997/98 revealed similar dependence of embryonic development on the time of collection.
Discussion
The embryonic development of D. maroccanus is the longest phase of its life cycle. In the permanent breeding area of la Serena, it shows the same pattern as in Mosul (Bodenheimer and Shulov, 1951) , Cyprus (Merton, 1959) , and other parts of its distribution area (Latchininsky and Launois-Luong, 1992) . Developmental stage I lasts for most of the summer and later stages are detected only at the end of this season with anatrepsis occurring at the beginning of the autumn. It has been demonstrated that the interruption of embryonic development at stage I in D. maroccanus is promoted by temperatures >24.7°C (Quesada-Moraga and Santiago-Á lvarez, 2000). As observed in fig. 1 , at la Serena, the mean daily air temperatures and the simulated mean daily soil surface temperatures are very similar. They are consistently above 25°C for most of the summer, which clearly contribute towards maintaining the embryo at stage I and slowing the rate of development during anatrepsis.
The resumption of development of the embryos, which were at stage I on the collection date and were then incubated at 25°C in the laboratory, indicated that this arrest has the characteristic of quiescence, a response to immediate adverse conditions (Chapman, 1998) . In fact, once the mean daily air and soil temperatures in la Serena fall in middle September ( fig. 1) , and are consistently below 25°C, development of the embryo resumes, leading to the completion of the anatrepsis (stage XIV). This supports the suggestion that the developmental arrest at stage I is absent in those parts of the D. maroccanus distribution area, where temperatures during anatrepsis do not exceed 25°C (Quesada-Moraga and Santiago-Alvarez, 1999). It can be concluded, that the interruption of the embryogenesis at stage I is not responsible for prolongation of embryonic development until the next year.
The stage XIV appears in the field in early autumn and extends for most of this season and early winter. This arrest of development, which was pointed out for the first time by Bodenheimer and Shulov (1951) , is a diapause response to regularly occurring periods of adverse environmental conditions (Chapman, 1998) . This arrest of development does not preclude physiological changes in the embryos, horotelic processes (Hodek, 1996) , referred to as diapause development (Hodek, 1996; Chapman, 1998) or Ôdiapause regulating processÕ (Andrewartha, 1952) . In the Mediterranean locust, development of diapause is promoted by exposition to 10°C for some period (Quesada-Moraga and Santiago-Alvarez, 1999) . The fall of temperature from October to February at la Serena ( fig. 1 ) enables diapause development of D. maroccanus eggs in the field. After completion of diapause (Hodek, 1996) , morphogenesis is resumed if the environmental conditions are suitable. Given that the thermal threshold for post-diapause development is below 16°C (Bodenheimer and Shulov, 1951) , ranging from 10 to 14°C (QuesadaMoraga and Santiago-Á lvarez, 2000), it is not surprising to detect developmental stages more advanced than XIV by the end of autumn. Thus in this case, the end of diapause is identified with the onset of -Alvarez, 2000) under the above conditions. The accumulated DD until the predicted hatching dates are indicated in brackets. à The surface temperature was simulated with the Parton Model (Parton, 1984) . § NN, Not necessary because in 1997-98, the DD requirements for hatching were completed before reaching April. development (Hodek, 1996) . Furthermore, the rainfall between 80 and 110 mm, at la Serena during winter and early spring, ensures the soil moisture required for the post-diapause development in D. maroccanus eggs (Quesada-Moraga and Santiago-Alvarez, 1999). But, surprisingly, although catatrepsis begins so early, it is not finished until later than 3 months. This prolongation of catatrepsis under field conditions is caused by the retardation of egg development in late autumn and early winter, when temperatures are near to the lower thermal threshold for the post-diapause development. During December and January, the heat units accumulation did not exceed 25-30 degree-days (DD) (table 4) above the post-diapause developmental threshold of 10.5°C, of a total of 171.5 DD required to complete catatrepsis and hatching (Quesada-Moraga and Santiago-Á lvarez, 2000). As the season progresses, the temperature increases and accelerates heat unit's accumulation and the rate of embryonic development. The eggs were ready to resume development when collected on November 28 in 1991 and November 26 in 1997. These dates mark the termination of diapause in the field. With later collections, the time needed for hatching showed a steady decline, presumably because of cumulative heat unit's accumulation in the field.
The last week of November is critical to begin recording degree-days for hatch prediction models. Given that the requirements for hatching are 171.5 DD (Quesada-Moraga and Santiago-Á lvarez, 2000), the expected hatching dates would be 21 and 19 April in 1992, and 24 and 21 March in 1998, if air and soil surface temperature, were considered respectively (table 4). In 1992, hatching occurred on 10 April and in 1998, on 23 March, which clearly confirms that the heat accumulation recording has to begin 3-4 days before the end of November, and that accurate prediction of hatching can be done under these conditions.
